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EXISTENCE OF PERIODIC SOLUTIONS FOR GENERALIZED
NONLINEAR THIRD-ORDER DELAY DIFFERENTIAL EQUATIONS

S. BENHIOUNA'?*, A. BELLOUR? H.M. AHMED?, §

ABSTRACT. In this manuscript, we investigate the existence of solution to generalized
third-order non-linear delay differential equation with periodic coefficients, which in-
cludes many important integral and functional equations that arise in nonlinear analysis
and its applications. Our results are obtained by implementing Schauder’s fixed point
fixed point theorem and rely on a generalization of Ascoli-Arzeld theorem. Moreover, an
example is offered to define the primary results.

Keywords: Generalization of Ascoli-Arzeld theorem, fixed point theorem, periodic solu-
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1. INTRODUCTION

The delay differential equations are frequently encountered as mathematical models
of most dynamical processes in mechanics, control theory, physics, chemistry, biology,
medicine, economics, atomic energy, information theory (see, for example [9, 11, 14, 15,
16, 18, 19, 23, 24, 27, 28]). In these models, time-delays are related to hidden processes like
the stages of the life cycle, the time between infection and the generation of new viruses,
the infectious period, the immune period, etc. Hale and Verduyn Lunel [11] pointed out
very clearly the importance of the consideration of the delay in the modeling of many
phenomena in physics and biology and [11] presented many examples of delay differential
equations arise in the modeling of many phenomena. The presence of delay in these
equations means that the solutions depend not only on the current time but also on its

past values, this feature makes the analysis of delay differential equations more difficult
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than the differential equations.
Various physical models based on third order differential equations were presented in the
recent book [21], for example, the following third order equation of the type

2" (t) = M’ (t) = 2x(t)a (t) = p (Da')(t) + posin(t), t € R (1)

such that x(t + 27) = x(t) describes the steady flow of water in a long rectangular tank,
oscillating horizontally near a resonant frequency, Cox and Mortell [8] have considered (1)
with (Da')(t) = z(t).
The third-order nonlinear Emden-Fowler delay differential model is written as [10]

w(t) = h(t, o(t), x(t — 7), 2/ (t — 7(1)), 2" (t = 7(t))),t € R (2)
Emden-Fowler delay differential model has a variety of applications in various fields.
The third order delay differential equations have been considered by many authors (see
[1, 3, 7,9, 10, 11, 20, 21] and the references therein). For example, Gregus [9] studied
the third order linear differential equation, Ardjouni and Djoudi [1] studied the following
second order nonlinear duffing equation with delay and variable coefficients:

"

2" (t) +p(t)a’ (1) +a(t)a (1) + r(t)a(t) = f(t2(t), 2t —7(t) + %g(t z(t —7(1)),t € R
(3)

Moreover, Nouioua et al. [20] have studied the third order nonlinear delay differential
equation with periodic coefficients

"

() +p@)z” () + ¢z &) + r®)z(t) = f& z@t), 2t — 7(2)) + c(®)a' (t — 7(t)),t € 1%,)
4

by using Krasnoselskii’s fixed point theorem.
In the current work, we consider the following more general form of nonlinear third delay
differential equations

1"

2 (O)+p(t)x” (t)+a(O)z () +r()z(t) = f(t2(t),a(t—=7(1), 2 (t=7(t)), 2" (t=7(1))),t € R.
(5)
This equation contains as particular cases all the above third order delay differential equa-
tion. Specifically, the important models (1) and (2).
We study the existence of the solution to the equation (5) where the derivatives z’ x
appear in the nonlinear function, while the derivatives #’, 2" does not appear in the non-
linear functions of the equations (3) and (4). Our purpose here is to use a generalization
of Ascoli-Arzeld theorem given in [4] and Schauder’s fixed point theorem to show the
existence of a periodic solution for equation (5) under fairly simple conditions.

2. PRELIMINARIES AND LEMMAS

In this section, we provide the following notations and definition.
Let E1, B be two finite dimensional Banach spaces endowed with the norms ||.||;, |||
respectively, and X be a compact subset of E;. We note by C?(X, Ey) the space of all
functions from X to Es with continuous first derivative, this space is endowed with the

2
norm || f|| = > Hf(i)Hoo such that Hf(i)HoO = sup{||f@ |2} such that f@ is ith derivative
=0 zeX

1=
of the function f.
For our purpose, we need the following definition in C?(X, Ey).
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Definition 2.1. [4] The family F C C?(X, E») is called equicontinuous if for every e > 0
there is § > 0 such that Hf(i) (z) — f® (y)”2 < e fori€{0,1,2} and for all

z,y € X satisfying ||z —y|, <.

The family F C C*(X, Es) is called equibounded if there is a constant M such that
|f(z)||y <M forall f € F and all x € X.

The following result gives a generalization of Ascoli-Arzeld theorem in C?(X, Ey).

Theorem 2.1. [4] Let F be a subset of C*(X, Ey). Then F is relatively compact if and
only if F is equicontinuous and equibounded.

Let T be a positive constant, we consider the spaces
P} = {1 € C(R),9(t +T) = 9(t), vt € R}.
Pt ={y € C'(R),y(t +T) = y(t),Vt € R}.
P} ={y € C*R),y(t +T) = y(t),Vt € R}.
It is clear that P} (i € {0,1,2}) is a Banach space endowed with the norm
2

Iz = sup [«1].

i—0 t€[0,T]
Equation (5) will be studied under the following assumptions:
(Hy) f € C(R? R) such that
ft+T x,y 25 = f(t,x,y,2,5), Yz, 2s) R
(Hs2) There exist k; >0 ,i € {1,...,4} and ¢ € C(R,R") bounded such that
|f(t, w1, ug, ug, ug)| < G(t) + ky|ug| + kolua| + kslus| + kalua|, V(t,u1,u0,u3,uq) € R,

(Hs) There exist differentiable positive T-periodic functions a; and ag and a positive
real constant p such that

ar(t) + p = p(t)
ay(t) + az(t) + par(t) = q(t),
ay(t) + paz(t) = (1),
(Hy) p,q,7,7: R — RT are all continuous T'—periodic functions, such that
Jo p(s) > pT . [ a(s) > 0.
Now, we consider the equation
2" (t) + p(t)a” + q(t)2’ + r(t)z(t) = h(t),

where h is a continuous 7" periodic function. It is easy to check, (see [1, 3]), that by virtue
of (H3) and (H,), the above equation can be transformed into the following system

{ y'(t) + py(t) = h(t),
2" (t) + ar (t)2'(t) + az(t)x(t) = y(t),

To obtain the main result, we need the following lemmas and Corollaries.

Lemma 2.1. [20] Suppose that y,h € Pr. Then y is a solution of equation
y'(t) + py(t) = h(t),
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if and only if

where,
exp(p(s —t))

Crlts) = exp(pT’) —1°

Corollary 2.1. [20] The Green’s function Gy satisfies the following properties:

Gl(t + T7 5+ T) - Gl(tvs)le(tat + T) - Gl(t7t) eXp(pT)a

Gi(t+T,s) = Gi(t,s)exp(—pT),G1(t, t + T) = G1(t, s) exp(pT)

8G1(t, 8) 8G1(t,8)

e = PGt s), =5 = = —pGilt,s).
and my < Gq(t,s) < M,
|  expleT)

h S S V. i
T T (o) — 1T exp(T) — 1

Lemma 2.2. [22] Suppose that (Hs) and (Hy) are satisfied and

T
R; exp [(f al(v)dv) - 1]
° <1

T -

where
T
t+T  exp fal )dv)

R; = max as(s)ds|,

t exp(f ai(v)dv) — 1
0

T 2
Q1 = (1 + exp (/ al(v)dv)) R2.
0

Then there are continuous T'—periodic functions a and b such that b(t

and a(t) + b(t) = a1(t), 0 (t) + a(t)b(t) = az(t) fort € R.

(t) > 0, [ a(v)dv > 0,

Lemma 2.3. [22] Suppose that the conditions of Lemma 2.2 are satisfied and y € Pr.

Then the equation

2(t) + a1 (D' (1) + as(De(t) = y(t),

has a T periodic solution. Moreover, the periodic solution can be expressed by

t+T

t) = /Gg(t,s)y(s)ds

where,

S

s u t+T u s+T
[ exp (f v)dv+ [a dv) du+ [ exp| [bv)dv+ [ a du
t

u

Gg(t, S) =

] Dol

7
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Corollary 2.2. [22] The Green’s function Ga satisfies the following proprieties
GQ(ta 1+ T) = G2(tv t)a GQ(t +T,s+ T) = GQ(tv 8)7
6G2 (t, S)

e —b(t)Ga(t, s) + F(t, s)

0Ga(t, s)
s

exp T( f a(v)dv> e
exp ( fa(v)dv) . exp

= a(s)Gal(t,s) — E(t, s).

where F(t,s) =

0

T
min
T

T
0/ ,
T
max {/a(u)du,/b(u)du} < % (A + A2 — 4B) =1L
0

have

a(u)du /b(u)du} > % (A — VA2 — 4B> =1

0

0
Corollary 2.3. [22] The functions Go, E and F satisfy

- T exp <Ofp(u)du>
mo =: m S Gz(t,s) S (el — 1)2 — M2

L

E(t78)§ 17F(t78)§€L-

el —

53

Lemma 2.5. [3] Suppose that the conditions of Lemma 2.2 are satisfied and h € Pr .

Then the equation
2" (t) + p(t)a” + q(t)2’ + r(t)z(t) = h(t),
has a T-periodic solution. Moreover, the periodic solution can be expressed by
t+T

x(t) = /G(t,s)h(s)ds,

where
t+T

Glt,s) = / Golt, 0)C (0, )do

Corollary 2.4. [3] The Green’s function G satisfies the following properties:

0G(t,s)

Gt+T,s+T)=G(ts),Gtt+T)=G(tt)exp(pT), = pG(t,s)

t+T
0G(t, s)

ot

t
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and
m < G(t,S) < Ma

where

T
0 T2 exp(pT + ga(v)dv)
= (exp() — D2(exp(T) — 1)~ (exp(D) — D2(exp(pT) — 1)

In the sequel, we need the following Lebesgue dominated convergence theorem.
Theorem 2.2. [6] Let  be a measurable set of R and (fi) be a sequence in L'(Q,R)

space such that: fy(x) — f(x) a.e and there evists a function g in L'(2,R) such that
()] < g(s), then | € L', R) and

/ |fx — f| ds—0,when ,k — co.
Q

We end this section by stating the Schauder’s fixed point theorem.

Theorem 2.3. [25] Let C be a nonempty bounded, closed and convex subset of a Banach
space E and T is a continuous operator from C into itself. If T(C) is relatively compact,
then T has a fixed point.

3. MAIN RESULT

It is easy to check, under the above assumptions, that x is a solution of (5) in P:,% if and
only if x is the solution of the following integral equation in P2 (see [3])

t+T

x(t) = / G(t, s)f(s, z(s),z(s — 7(5)),2' (s — 7(5)), 2" (s — T(s)))ds. (6)

Under the hypothesis (Hy — Hy) and the previous lemmas and corollaries, we will make
use of Schauder fixed point theorem to prove the following main result.

Theorem 3.1. If the hypotheses (Hy — Hy) hold, and under the following condition:
k=ke(MT +2v) <1 ()
Then, the neutral integro-differential equation (6) has a positive periodic solution in C*(R).

Proof. Solving Equation (6) is equivalent to finding a fixed point of the operator A such
that A are defined by the following expression

t+T

Azx(t) = / G(t,s) [f(s, 2(s),z(s — 7(5)),2' (s — 7(5)), 2" (s — T(s))] ds.

It is clear that the operator A is well defined from P# into itself, moreover

t+T

(Ax)'(t) = / 8Gg; ) [f(s, 2(s),z(s — 7(5)),2' (s — 7(5)), 2" (s — T(S)):| ds.

t+T

2 S
(Az)"(t) = / ac;g,) [f(s, (s —7(s)), @' (s — 7(s)), 2" (s — T(s))] ds.

t
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From Corollary 2.4, we obtain

2 s S
8(;2’) = (exp(—pT) — 1) <6Gg<tt’t) + aGgg’t)) Gao(t,t) + Gl(t,t)cmg(f’)
=0
t+T
WGt s)— aGéi’ ) bt + F(t 14+ T)Ga(t+ T, 5)— F(t 1)Ga (1, 5) + / F(t,0)Ci (o, s)do
< (exp(—7) - 1) G (t.) 2Dy - 290y

t+T
FE(t+ T)Colt + T, ) — F(t,)Gat, ) + / F(t,0)Gi(o, 8)do
t
and from Corollary 2.2, we obtain
OF(t,s)
ot

= —a(t)F(t,s).

The proof is split into three steps.

Step I. There exists o > 0 such that A transforms C' = {z € P2, ||z| < a} into itself . It
is clear that C is nonempty, bounded, convex and closed.

To simplify notations, we introduce the constants

A= Hﬁ?’%] |p(t)|, ks = max{k1, ka}, ke = max{ks, kq,2ks},y = max{Ms, M,}.
te(o,

Moreover, for all z € C' and ¢ € [0,T], we have
t+T

| Az(t)] = / G(t,s)[f (s, 2(s), 2(s — 7(5)),2'(s — 7(5)) + 2" (s — 7(s)))]ds

t+T

< [ 169

< MT(||¢lloo + (k1 + K2)l|2lloo + k3ll2 oo + Kal2"[loc)
< MT(||¢lloo + 2k5 /2]l 00 + Ksll2'loc + kall2”loo)
< MT(A+ kel|]]),

2
[@(5)] + krlz(s)| + D Figala® (s - T(S))I] ds (7)
i=0

and

t+T
) 0] = | [ 25 ss) s = )./ (5 = () +”(s = ()]s

t

t+T 2

oG -

< [ 12 [nqbumknx(sn+Zkz-+z|:c<”<s—¢<s>>| ds
=0

t
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8G t,s)
/ | [[@lloo + (k1 + k2)[[[loo + E3l|2" oo + kallz”|loo

< (1= exp(—pT)) M1 Mo + |[blloc M + TMe"] x[[[dloc + 2k5]|2]|c + Ksll2[loc + kalla” o]

=Ms;
< My x (A -+ Kol
0
t+T82G(t
(A" ()] = | [ EEE (s = 6075 = (), "5 = ()]
e, s) 2 |
= / ‘T;‘ [W)(S)’ +kila(s)| + ) kiralet (s - T(S))!] ds
+ 1=0
oG, )
< [ 1255 M0l + k)l + Rl + ]
< |1 - oo S + 2Dy 1) 4 61, 2L
— (b)'()G(t,s) — (b)(t) 8G(g? s) + F(t,t+T)Gao(t+T,s) — F(t,t)G1(t, s)
t+T
+ [ G, 161w + K)ol + ol + sl
0Gs(t, ) oGt )

< |(1 = exp(=pT)Ga (1) - (B (Gt 5) — D))=,

o
t-‘rTaF
b B+ T)Ga(t +T,5) — F(t )Gt 5) + / gt"’)c;(a, 5)dor)

% [ 6lloo (k1 + ko)lllloc + Esllalloo + Ealla” ]
< [2M1M2<1 — exp(—pT)) bl + € ([BllocTM + My + My +1) + [b][ 2, M

2L 5 P )] 5 [ loo + 251l + ksl oo + Ralla” o]

< [2M1 Ma(1 — exp(—pT))|1blloo + € ([bllocTM + My + Ma + 1) + ||b][3, M
+ TMi||allsoe™] X [[[Blloo + 2ks5]1T]loo + K|z [loc + Kallz”[|so]

< My X [[[¢lloo + 2ks]2]|oo + Ell2"[loo + Kallz"[|oo]

< My x (A + ke||z]|) 9)
9

such that My = 2M7 Mo (1 — exp(—pT))||blloo + e (||bllocTM + My + M + 1) + ||b]|2. M +
TM; | al|sce”.
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Hence, by (7), (8), (9), we obtain

[A(@)[| < (MT + Ms + My) x ([|¢lloc + Kell]])
< (MT + 27) x (A + ke[ z])
We deduce that, A transforms C into itself if

[A@) || < (MT + 27) x (A + kell]])

<
< (MT +27) x (A + kpax)
< a.

which implies, under the condition (x), that

A X (MT + 27) <

-k -
Then, A transforms C into itself for
A X (MT + 2)
o =
1—k

57

Step 2. The operator A is continuous. Let (x,), € C be a convergence sequence to z € C,

(4)

which implies that (z5,”) converges to z(?) (i = 0,1,2) in the space C([0,T],[~a, a]). Since
f are uniformly continuous on the compact set [0,7] x [—a,a]’, then the sequence ,
f(s, xn(s), (s —7(s)), 2, (s —7(s)), 2l (s — T(s))) converges to f(s, x(s),x(s—7(s)),2' (s —

7(s)),2"(s — 7(s))) in C([0,T],R). It follows that,

HAa;n — Az

< 01 (19,05 = r(6)) 5 = (o))~ 7(5)
— f(s, z(s),z(s — 7(5)), 2" (s — 7(s)), 2" (s — T(S))HOO>

Which implies that (Azy) converges to Az and the operator A is continuous.
Step 3. A(C) is relatively compact, it is clear that A(C) is equibounded.
Now, to show that A(C) is equicontinuous, take ¢; and ty in I = [0,7].

Let H(s) = f(s,z(s),z(s — 7(s)),2'(s — 7(s)),2" (s — 7(s))), by the assumption (Hy), we

have
[Hlloo <A+ kecr.
It follows that

t1+T to+T
|Azx(t1) — Ax(te)| = G(t1,s)H(s)ds — G(te,s)H(s)ds
/ /

t1+T t1+T

< / G(t1,s)H(s)ds — / G(ta2,s)H(s)ds
t1 t1
t1+T to+T

+ /G(tQ,S)H(S)dS— / G(ta,s)H(s)ds

t1 to
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IN
Se—
Q

G(ty, )| |H (s \dSH/Gtz, H(s)ds

t2+T t1+T to+T
+ / G(ta2,s)H(s)ds + / G(ta2,s)H(s)ds — / G(t2,s)H(s)ds]|
to to+T to
t1+T 2
< / \G(tl,s)—G(t2,5)|]H(s)\ds+/]G(tQ,S)H(3)|ds
t1
to+T
+ / |G (t2, s)H(s)|ds
t1+T
e (10)
<1 [ 1G08) - Gles)lis
t1
t1+T
+HHH/\G to,9)lds-+ || [ [Glta5)lds
t1 to+T
t1+T
< VAN [ 16(t1,9) ~ Glta,s)lds + 2M1 | H s — 1
t1
t1+T
< (A + kga) / |G(t1,5) — G(ta, s)|ds
t1
+2M ()\+k6a) |t1 —t2|.
Using a similar argument as above, we prove that
" oG,s)  0G(ss)
tl S t2 S
! _ ! < I _ 9
(1) ~ An(ts)| < | H] / e 02:3)) 4
G (ta, 0G (t2,
+IIHH/' : )d+\Hu/\ KE(GIDI PR
to+T
<||HH / ‘6G tl, aG(attz,S) ds (11)

+ 2M3|!H|||t1 — to

)\+ka/‘8Gt1,  9G(ta, s)

d
ot iy

+2M3 (N + kﬁa) |t1 — tal.
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Also, we have

8Gt1 82G(t2 S)
" " < 7 i
(1)~ A'a(ts)| < [ H] / ] il v

0?G (tg, 5) 9?G(ts, )
+||H||/\ 02| g+ 1) /\ 2
t1

ds

ot?
to+T

ds (12)

t1+
0%G(t1, 0%G(ta, s
<t [ \ L) 260
t1

+ 2My|| H||[t1 — t2]
t1+T

< (A + ko) /

t1
+ 2M4 ()\ + k(ja) |t1 — tg’.

9°G(t1,s)  0°Glta,s)
ot 12

ds

2
Now, let £ > 0, since the functions G(t, s) , aGa(;’s) and 2 gt(;,s) are uniformly continuous

on the compact set [0,7] x [0,277], then there exists 6; > 0 such that, if |ty — ¢1| < 01, we
have for all s € [0, 27

3
t t _—
(Gt2,5) = Gt s )|_2T()\+k6a)
8G(t1, S) 8G(t2, S) 9
— 2T.
' ot o | STt heay S € 02T
and
82G(7f1, S) GQG(tQ, S) e
— 2T|.
o2 9| S Wt heay S € 02T
Then from (10), (11) and (12), if |t2 — ¢1] < 0 = min(dy, d2, I3, d4), where
02 = 4M()\i-k6a)7
63 = 4M3()\E+k6a)’
— [
04 = AM; (O Fkea)
We deduce, for i = 0, 1,2, that
1Az (tg) — Az ()| < e.
Consequently, the set A(C) is equicontinuous.
Hence, by Theorem (2.1), A(C) is relatively compact.
The proof of Theorem 3.1 then follows from Schauder’s fixed point theorem. O

4. APPLICATION

Consider the differential equation:

2
(1) 432" (6)+ 2’ (1) + () = cos(6r) +In {1+ (m(t) +RY ald (s - T(s))> (13)
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Hence, by using the notations of Theorem 3.1, we have
p(t) =3,q(t)=2,r(t) =3 T =2m, 7(t) =sint +2, § = 1, #(t) = cos(6t) and

f(t,ur, ua, us, ug) = cos(6t) + In(1 + (kuy + kug + kus + kU4)2).

Doing straightforward computations, it is easy to obtain
a(t) =b(t) = ,a1(t) = Las(t) = 1, A =1,p = 2.

1
5 (5=t
62 47T265Tr
E(t,s) = F(t,s) = L=5ml=7n,M=
( 75) ( 78) (eﬂ— _ 1)7 s i (e7r _ 1)2(64” _ 1)’
A 9 61 9 47r_1 61 9 2 57
YL VA o VAN ot ot
(1) T e -1 (¥ = T)(em — 1)

72T (1 4 4med™) + 2™ (e — 1)2(2e™ + med™ — 1) 4 2meb™ (™ — 1) (2™ — 1)
(' —1)(em — 1)

and kl = kQ = k3 = k4 = k5 = |]€’,k’6 = 2|k|, Y= M4.

therefore, the inequality in Theorem 3.1 takes the form

25T (1 4 4me®™) + €5 (e™ — 1)%(2e?™ + mel™ — 1) + 2717 (e — 1)(2e5™ — 1)

(e —1)(em —1)2

M, =

alk| -

+
14
4|k| dre <1 "
I
Then by Theorem 3.1, we conclude, from the inequality (14), that the third order nonlinear
delay differential equation (13) has a solution u € C3(I,R) if

k| < 9.57 x 10715,

5. CONCLUSIONS

In this paper, we have considered a general form of the third-order nonlinear delay dif-
ferential equation, where the derivatives 2’ and z” appear in the nonlinear function. The
existence of a periodic solution has been investigated, under fairly simple conditions, by
using a new generalization of Ascoli-Arzela theorem and Schauder’s fixed point theorem.
The advantage of using the new generalization of Ascoli-Arzeld theorem given in [4] is
that it allows us to study the existence of the solution to the third order delay differential
equations where the derivatives x’, z" appear in the nonlinear function, while the deriva-
tives 2/, 2" does not appear in the nonlinear functions in the previous studies of the third
order delay differential equations (see for example [1, 2, 3, 12, 17, 20, 22]) which they have
used only the Ascoli-Arzeld theorem in the space of continuous functions. It is important
to point out that the general form of the third-order nonlinear delay differential equation
(5) contains as particular cases many important integral and functional equations in the
literature. Specifically, the particular functional delay 7(¢) = ¢t —xz(t) or the nonlinear func-
tion contains the term z(z(t)) which called iterative differential equation (see for example
[5, 13, 26]). Finally, an example is provided to illustrate our main result.
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